Single-chain Fv (scFv) antibody libraries were constructed from mice immunized with an ampicillin-bovine serum albumin conjugate. Several antibodies with speci®city for intact ampicillin were selected by phage display and characterized. The antibody scFv fragment aL2 binds to intact ampicillin and shows no detectable cross-reactivity with hydrolyzed ampicillin. We determined the X-ray structures of two crystal forms of w.t. aL2, which differ mainly in the side-chain conformation of Trp H109 (according to a new consensus nomenclature Kabat residue number H95) in the extremely short (three residues) CDR H3 and the presence or absence of a well-resolved molecule of 2-methyl-pentane-2,4-diol in the bottom of the binding pocket. Attempts to co-crystallize aL2 with its antigen or to diffuse ampicillin into the wild-type aL2 crystals were unsuccessful, since crystal contacts obstruct the binding pocket. However, a mutant with two point mutations near the N terminus (Gln H6 replaced by Glu and Ala H10 (Kabat H9) replaced by Gly) crystallized in a form compatible with antigen-binding. Although the mutations affect the conformation of framework I, the conformations of the binding pocket of the uncomplexed wild-type aL2 and of the mutant complex were almost identical. The structure explains the speci®city of the antibody for intact ampicillin and the degree of cross-reactivity of aL2 with a wide variety of ampicillin analogs. This antibody system will be very useful as a diagnostic reagent for antibiotics use and abuse, as a model for the effect of expression of antibiotic binding molecules in Escherichia coli, and for directed evolution towards high antibiotic resistance. J. Burmester and S. Spinelli contributed equally to this work. Abbreviations used: 6-APA, 6-aminopenicillanic acid; BBS, borate-buffered saline; BSA, bovine serum albumin; CDR, complementarity-determining region; DMSO, dimethylsulfoxide; EBSS, Earle's buffered salt solution; ELISA, enzyme-linked immunosorbent assay; EMCS, N-[e-maleimidocaproyloxy] succinimide ester; GMBS, N-[gmaleimidobutyryloxy] succinimide ester; HBS, Hepes-buffered saline; HCDC, high cell-density cultivation; KLH, keyhole limpet hemocyanin; MPD, 2-methyl-pentane-2,4-diol; MPS, 4-maleinimido-propionic acid-Nsuccinimidylester; MRL, maximum residue level; PCR, polymerase chain reaction; PBS, phosphate-buffered saline; PDB, Protein Data Bank; PEG, polyethylene glycol; scFv, single-chain variable fragment of an antibody; TCA, trichloroacetic acid; THF, tetrahydrofuran; V H , variable domain of antibody heavy chain; V L , variable domain of antibody light chain.
Introduction
Antibodies against antibiotics are important as diagnostic reagents, and their expression in bacteria may be used to study how proteins with the ability to interact with antibiotics can in¯uence bacterial growth and how they can serve as starting points for the evolution of antibiotic resistance. As a model system, we chose antibodies directed against b-lactam antibiotics. These antibiotics act in the periplasmic space and block enzymes involved in peptidoglycan cell wall synthesis.
2 Antibody single-chain fragments (scFv) exported into the periplasmic space can fold to their native conformation ef®ciently in the oxidizing environment of the periplasmic space, while only a subpobpulation of exceptionally stable antibody fragments is fully functional in the cytoplasm. It should therefore be possible, in principle, to use a challenge with a b-lactam antibiotic to select for improved antibody fragments showing better folding yields, higher stability and/or higher af®nity. Furthermore, it might be possible to study the emergence of hydrolysis under selective pressure.
With the widespread use of b-lactam antibiotics in medicine and as an additive in stock farming, anti-ampicillin antibodies are potentially of great value as detection reagents. Maximum residue levels (MRLs) have been de®ned for veterinary drugs in edible products such as bovine milk. 3 In principle, direct detection by a penicillin sensor based on immobilized b-lactamase is possible, 4 but current screening protocols rely on growth inhibition or competition with radiolabeled penicillin to microbial cells. These tests are generally suf®-cient for detection of residual ampicillin in milk or meat. 5 ± 7 However, for conclusive results these assays have to be con®rmed by physicochemical methods such as liquid chromatography, which require laborious extraction steps and are therefore both time-consuming and expensive. 6 Antibodies speci®c for b-lactam antibiotics could be used directly for selective screening by enzyme immunoassays as well as for immunoaf®nity chromatography, to achieve an ef®cient enrichment of contaminants from milk or meat products prior to further analysis. 7, 8 Since MRLs are de®ned for the veterinary drug itself and not for their metabolites, the appropriate antibody has to be speci®c for the intact b-lactam ring.
So far, the generation of such antibodies has been dif®cult. Due to high reactivity of the b-lactam ring with nucleophiles, the immunogen is quickly degraded in vivo, leading to the generation of antibodies against hydrolyzed ampicillin and protein adducts. However, poly-and monoclonal antibodies with speci®city for intact b-lactam antibiotics have been described. 7, 8 For routine use, polyclonal antibodies are disadvantageous, due to their limited availability, and although this problem can be solved by the use of the hybridoma technique, a large number of different monoclonal antibodies usually have to be screened in order to ®nd a suitable candidate.
In contrast, by using selection techniques such as phage-display, 9 ribosome display, 10 bacterial surface display 11 or yeast display 12 from natural, 13, 14 semisynthetic 15 or fully synthetic libraries, 16 the appropriate speci®city and selectivity (e.g. the closed b-lactam ring) can be selected for directly. Moreover, once the variable region genes have been cloned, the antibody domains can be further engineered in a multitude of ways to produce antibody variants with higher af®nity, 17 ± 19 altered antigen speci®city, 20, 21 or enhanced stability. 22, 23 Furthermore, inexpensive microbial production becomes available for recombinant antibody fragments. 24 Here, we report an immunization strategy eliciting antibodies speci®c for the intact ampicillin molecule. The re-engineered and optimized phagedisplay vector pAK100 was used for cloning of functional scFv antibody libraries derived from spleen-cell repertoires of immunized mice. 25 By different selection strategies, several scFv fragments with different binding speci®cites were isolated and characterized. We were particularly interested in generating antibodies that would predominantly recognize the non-hydrolyzed b-lactam/penicillanic acid moiety of ampicillin and are tolerant towards substitutions at the amino group of ampicillin, as a starting point for a metabolic selection and in vitro evolution project. A group of closely related scFvs showed the desired selectivity, as determined by phage ELISA competition with ampicillin analogs and degradation products. One of these, termed aL2, was produced in Escherichia coli, puri®ed by af®nity chromatography and its crystal structure was determined. While the wild-type protein could not be crystallized with the antigen in the binding pocket, a mutant protein with point mutations{ in the residues H6, H7 and H10 1 (Kabat H9) allowed us to determine the structure of the complex. The understanding of the molecular basis of the exclusive speci®city of aL2 for intact ampicillin is expected to allow a rational design of mutants with improved or altered binding properties.
Results
Immunization and scFv antibody library construction
Because of the limited stability of ampicillin in aqueous solution, the protocol for immunization of BALB/c mice was adapted accordingly. KLH was not used as carrier protein, since it contains copper, which is known to catalyze the hydrolysis of ampicillin. 26 Instead, ampicillin was coupled to { For residue numbering, the uni®ed numbering scheme introduced by Honegger & Plu È ckthun 1 was used. In addition, the traditional Kabat numbering is indicated in parentheses. The correspondence of the two numbering schemes is shown in Figure 1 . bovine serum albumin (BSA), and a mixture of three different linker molecules without aromatic groups were chosen in order to increase the probability of generating antibodies recognizing the hapten independent of the linker moiety. Sixteen days after subcutaneous priming with AdjuPrime (Pierce) and ampicillin/BSA, the immune response was boosted by an intrasplenic injection of the ampicillin/BSA conjugate. This procedure can be used when the amount of antigen is limited, 27 and we employed it to induce an immune response for intact ampicillin rather than for hydrolyzed ampicillin, which will be generated over time. Mouse 2 was boosted by a second intrasplenic injection 37 days after priming. In mouse 4, a second intrasplenic boosting was not possible due to severe scarring and, therefore, it received a booster injection into the tail vein at day 50.
The immune response was analyzed by ELISA before and after immunization. Twenty-three days after initial priming, the serum of all immunized mice reacted positive in binding analysis by ELISA with ampicillin coupled to transferrin, but the signal could not be inhibited by 1 mM ampicillin. In contrast, the last analysis of the serum prior to mRNA extraction (43 days after priming for mouse 2, 54 days after priming for mouse 4) resulted in an inhibition of the ELISA signal by 1 mM ampicillin of 20 % (mouse 2) and 65 % (mouse 4), indicating that the chosen immunization strategy indeed led to a subpopulation of antibodies that recognize free ampicillin. The antibody mRNA was ampli®ed by PCR with primers speci®c for antibody variable region genes as described. 25 The ampli®ed variable domains of mouse 4 were assembled into an scFv library, cloned into the phage display vector pAK100 25 and, after transformation into E. coli XL1-Blue cells, 10 7 independent colonies were obtained.
Selection of anti-ampicillin scFvs by phage panning
Phages were panned on transferrin-EMCS-ampicillin and eluted by different methods. Unspeci®c elution with glycine/HCl (pH 2.2) and competitive elution with ampicillin both enriched the antibody scFv fragment aL2 ( Figure 1 ) after two rounds of phage panning of the antibody library derived from mouse 4. 25 After rounds 2 and 3, ten other positive clones with similar binding properties, as judged by phage-ELISA analysis, were sequenced and all found to be very similar to aL2 (all >95 % sequence identity, Figure 1 ). Some sequence variation at the N termini of both the L and H chain may have been introduced by the degenerate primers used for cloning (L4, Met, Leu, Ile; H7, Ser or Pro), while the internal variations may have resulted from somatic mutations or from errors introduced by the PCR ampli®cation. aL2 has a kappa light chain, which showed 88 % identity (91 % similarity) with the most closely related murine kappa germline sequence (IGKV6S5) listed in the IMGT database{. The aL2 V H sequence showed 98% identity/similarity to the closest murine VH germline sequence (VH1 B1c) listed in the ABG database{.
We investigated whether the variation of elution conditions during several rounds of phage panning would result in enrichment of different antibody sequences from a given library. Therefore, alternative speci®c elution strategies using different ampicillin analogs were tested to see whether the mouse 4 library contained anti-ampicillin antibodies different from aL2. Competitive elution from the ampicillin-derivatized panning surface with hydrolyzed ampicillin resulted in an enrichment of aL4 and aL5 after two panning rounds. The elution with 6-APA lead to an enrichment of aL5 and aL6 after three panning rounds ( Figure 1 and Figure 2(a) ). In contrast to aL4 and aL5, aL6 is closely related to aL2 (93 % identity, 95 % similarity in V L , 85 % identity, 91 % similarity in V H ), but shows a clearly distinct antigen combining site. The exclusive appearance of aL2 on the one hand, and aL5 and aL6 on the other, as a function of the competitor used in phage elution correlates with the inhibition pro®les in phage-ELISA analysis. Here, aL5 and aL6 could be inhibited more strongly with 6-APA (data not shown) and aL2 could be inhibited more strongly with ampicillin, which re¯ects the criteria for enrichment during the phage-panning process. Although the intensity of the non-inhibited ELISA signals is very similar for aL2, aL4 and aL5, the aL2 scFv is strongly enriched by phage elution with glycine/HCl after only two rounds of phage-panning, and demonstrates that aL2 is the most abundant binder in the scFv library. This may be due to its predominant presence in the immune response of the mouse or to its preferential ampli®cation by PCR or phage proliferation. 28 The strategy of speci®c elution by analogs of the antigen therefore proved to be a very straightforward method for enrichment of antigen-speci®c antibodies such as aL5 and aL6, which would otherwise not appear after several rounds of phage panning. From the selected antibodies, aL2 was chosen for further characterization, because its unambiguous speci®city for free ampicillin.
Purification and characterization of aL2
From a one liter expression culture (A 550 46), 30 mg of scFv aL2 was puri®ed by a one-step antigen af®nity chromatography. The puri®ed scFv aL2 was used for K D determination by¯uorescence titration (Figure 2 In cases where an analog might have a reduced ability to quench the tryptophan¯uorescence and thus give a reduced signal in the direct¯uorescence titration assay, the compound was tested for its ability to compete with ampicillin for binding and to revert the¯uorescence quenching by ampicillin. The ampicillin-mediated quenching was reversed completely by the addition of b-lactamase, re¯ect-ing the inability of aL2 to bind hydrolyzed ampicillin (Figure 2(b) ). When expressed in E. coli, the aL2 antibody was shown to mediate no detectable growth advantage in the presence of 10 mM ampicillin.
Crystal growth and overall structure of aL2 w.t.
Two crystal forms were obtained from protein solutions of the wild-type (w.t.) aL2 scFv ( Table 1 ). The structures of aL2 form 1 and form 2 were determined at 2.4 A Ê and 3.0 A Ê resolution, respectively, with ®nal R-factors and R free of 17.5 % and 24.3 %, and 17.8 % and 23.2 %, respectively. In the absence of hapten, crystals of form 1 grew in the presence of 5 % (v/v) methylpentane diol (MPD) within two weeks. In the presence of 20 mM ampicillin, the same crystal form was obtained in about two months. The crystals belong to the tetragonal space group P4 1 2 1 2 with unit cell constants a b 62.2 A Ê , c 136.8 A Ê . The volume solvent content is 49 % (v/v). 29 Crystals of form 2 grew in about 3 days from the same protein solution in the absence of MPD. The form 2 crystal belongs to the orthorhombic space group C222 1 , with unit cell constants a 81.2 A Ê , b 93.5 A Ê , c 150.9 A Ê , with two scFv per asymmetric unit. Residues not visible in the electron density map are the N-terminal FLAG tag 30 on V L (sequence DYK), the last two V L residues (L148 and L149, Kabat L107 and L108), the (GGGGS) 4 linker, the ®rst (H1) and last (H147, Kabat H113) V H residues and the C-terminal His tag. Twelve side-chains are poorly de®ned. All the residues are in allowed regions of the Ramachandran plot, with the exception of Ala L67 (L51), which shows torsion angles in the forbidden region for the majority of the V L domain in the PDB database (164 out of 174, A. Honegger, unpublished results). Most (83.1 %) of the residues are located in the most-favored regions (PROCHECK). Form 2 has one more residue visible, at the end of the V L domain. In both cases, the crystals have no sharp edges, they are shaped as quadratic smoothed lenses.
The V L domain of the anti-N9-neuraminidase antibody NC41 (PDB entry 1NCA 32 ) and the V H domain of the anti-lysozyme-antibody D11.15 (PDB entry 1JHL 33 ) were used to determine the aL2 structure by molecular replacement. Their C a atoms could be superimposed on the corresponding atoms of aL2 with rms values of 1.06 A Ê and 0.88 A Ê (without the CDR3 region), indicating that the aL2 overall fold remains close to the parent structures. The complete V H domain of D11.15 is well superimposed on aL2 with the exception of the CDR3, which is shortened by six residues in aL2. The two wild-type aL2 structures are quasi- identical (see Figure 4 (a)). Upon superposition, a rms deviation between their C a atoms of 0.46 A Ê is observed, which is within the range of experimental error at these resolutions. Their six CDRs are well superimposed, with the exception of Trp H109 (Kabat H95) (see Figure 4 (b)), whose side-chain has a different conformation in the two structures (rms deviation of 5.9 A Ê ). The average Bfactors for all main-chain and side-chain atoms are 31.1 A Ê 2 and 32.9 A Ê 2 , respectively. The B-factors of residues outside the CDR regions are very close to the mean observed for the whole Fv. All CDR main-chain atoms, with the exception of L2, exhibit B-factors lower than the average.
The CDR loops of aL2
The structures of ®ve CDRs (L1, L2, L3, H1 and H2) of the antibody combining site assume a ®nite number of canonical conformations. 34, 35 The canonical conformations of the aL2 CDRs were determined using an automated loop clustering program.
36 L1 and H2 were assigned to class 2, while the L2, L3 and H1 were assigned to class 1. The H3 loop, which does not assume any canonical structure, is particularly short in the aL2 molecule. The only other example of an antibody with an equally short CDR H3 loop is the anti-p24 (HIV-1) monoclonal antibody Cb41 (PDB entry 1CFN 37 ). Among the residues belonging to the L1 loop, Asp L30 (L28) forms a salt-bridge with the V H domain Lys H20 (H19), and Thr L39 (L31) is tightly hydrogen bound to Gln H92 (H81) of a symmetry-related molecule. The L3 loop is stabilized by both intrasubunit (Gln L107 (L89), Gln L108 (L90) and Tyr L109 (L91)) and intersubunit hydrogen bonds and exhibits B-factors 30 % lower than average. The side-chain of Tyr L135 (L94) is both hydrogen bonded to the side-chain of Asn H57 (H50) and to the main-chain atoms of a symmetry-related molecule. The H2 loop is also hydrogen bonded to main-chain and side-chain atoms of a symmetry-related molecule. The side-chain atoms of Trp H109 (H95) in the H3 loop exhibit much higher B-factors than average (51.5 A Ê 2 ). This residue has two different conformations in the two crystal forms, and this directly shows the mobility that may also account for its high B value.
The combining site of aL2
In crystal form 1, additional electron density is observed in the combining site (Figure 3(a) ). This density is quite signi®cant, and has an elongated shape going from the bottom of the crevice to the bulk solvent. This density at the bottom of the combining site could clearly be satis®ed by a MPD molecule, the precipitant in the crystallization medium, whereas the rest of the density could be ®lled with water molecules or disordered MPD, or both of them. Moreover, in several reported structures, ordered water molecules and alcohols have been found to replace the ligand in uncomplexed structures. 38 The MPD molecule is hydrogen bonded to Tyr L44 (L36) OH at the bottom of the binding site, and it interacts with a water molecule, part of a cluster of solvent molecules surrounding Trp H109 (H95). The ®nal model contains one Figure 2 . (a) Phage-ELISA analysis of aL2, aL4, aL5 and aL6 on transferrin-ampicillin-coated plates. The signals correspond to 10 11 phage particles (in 100 ml). Black bars re¯ect speci®c binding. Competitive inhibition was studied by pre-incubation with 1 mM ampicillin (grey bars) and 1 mM 6-APA (white bars). (b) Change of¯u-orescence spectra upon Amp addition and its reversal by b-lactamase. Fluorescence titration with aL2 and ampicillin. No quenching is detectable by comparision of the initial signal (1) and the signal after addition of hydrolyzed ampicillin (2) (®nal concentration of 250 mM). After addition of ampicillin (®nal concentration of 25 mM) the signal intensity, measured after 15 seconds, is signi®cantly lower (3). In the presence of 0.005 unit/ml b-lactamase, the signal increases again: curve (4) is measured after two minutes and curve (5) after ®ve minutes. (c) Fluorescence titration curve evaluated according to Scatchard. 42 MPD molecule and eight water molecules in the combining site, which resisted re®nement well (average B-factor 47 A Ê 2 ).
In contrast, in the molecules of form 2, no electron density is visible in the combining site, which could be due to disorder of putatively bound molecules or simply to their absence. The conformational change of the side-chain of Trp H109 (H95) produces a signi®cant change in the shape of the binding site between form 1 and form 2 (Figure 4(a) and (b) ). In crystal form 2, the sidechain of Trp H109 (H95) partially ®lls the binding site crevice, leaving not enough space for ampicillin to bind, while in crystal form 1, the Trp H109 (H95) side-chain is turned outwards. The consequences of this simple rotation are clear in Figure 4 and Tyr L57 (L49), Trp L58 (L50) and Trp H109 (H95) at the top. Semi-polar residues are Gln L107 (L89) and Asn H42 (H35), and Asn H57 (H50). The antigen-binding pocket contains no charged group.
Crystallization and structure of the aL2 mutants
The wild-type of aL2 never yielded crystals of the complex with ampicillin. In both crystal forms, crystal contacts obstructed the binding site, making the diffusion of ampicillin into the antigen-binding pocket impossible without disintegration of the crystal. Cocrystallization of aL2 with ampicillin failed, crystal formation was delayed for months, apparently until all ampicillin had hydrolyzed. However, in the course of a different project, several mutations were introduced into the N terminus of the heavy chain, in positions H6, H7 and H10 (H9). The packing of the crystals formed by the mutant 6 E 7 P 10 G allowed the diffusion of ampicillin into the binding pocket (see Materials and Methods).
Although the mutation of Gln H6 to Glu and of Ala H10 (H9 according to Kabat) to Gly in the mutant aL2-6 E 7 P 10 G strongly affected the conformation of the N-terminal strand (residues H1-H10, Figure 4 (a)), the residues lining the binding pocket could be superimposed almost perfectly with those of the w.t. structure, proving that the conformation of the binding site was not affected by the mutation. Only the side-chain of the tryptophan residue H109 (H95), which already varied between the two w.t. crystal structures, con®rmed its¯exi-bility by assuming yet another conformation (Figure 4(b) ). A second mutant, aL2-6 E 7 S 10 G , showed the same crystal packing as the w.t. aL2 ( Figure 5(b) ). While the mutations affect the conformation of the N-terminal strand of the V H domain, the superposition of the four crystal structures shows that the conformation of the antigen-binding pocket is not signi®cantly affected (Figure 4(b) ). The structure of the mutant antibody-antigen complex can therefore be used to interpret the results of the epitope mapping experiments performed with the w.t. antibody (Table 3) .
The D-phenylglycine moiety of ampicillin is deeply embedded in the binding pocket, its phenyl ring making symmetric contacts to conserved residues of the V L /V H dimer interface: Phe L139 (L98) and Trp H139 (H103), Asn L107 (L89) and Ala H107 (H93), Tyr L44 (L36) and Val H44 (H37). Trp H109 (H95) contacts predominantly the amino group of the D-phenylglycine moiety and the amide group linking the phenylglycine moiety to the penicillic acid moiety. A hydrogen bond connects the peptide NH group of Trp H109 (H95) with the carbonyl oxygen atom of the peptide group. Leu L137 (L96), Tyr L135 (L94), Trp H40 (H33) and Asn H42 (H35) contact predominantly the penicillic acid moiety, with Asn H42 (H35) forming a hydrogen bond to the carbonyl oxygen atom of the b-lactam ring (Figures 4 and 6(a) , Table 3 ). 
Anti-ampicillin Antibodies

Discussion
By a combination of intrasplenic immunization, phage display and selection for recognition of the closed-ring form, antibodies against intact ampicillin have been obtained. While aL2-related antibodies seem to dominate the immune response of mouse 4, as shown by the predominance of aL2-like scFv fragments isolated both upon unspeci®c elution (Gly/HCl, pH 2.2) and speci®c elution (competition with free ampicillin) of phages from the panning surface, scFv fragments with different speci®cities and selectivities could be isolated with different panning strategies. aL2 w.t. scFvs crystallized readily in the absence of ampicillin. However, the dominant crystal contacts involved and obstructed the antigen-binding site ( Figure 5(b) ); in the presence of ampicillin, the onset of crystallization was delayed for two months until the antigen had hydrolyzed, and addition of ampicillin to preformed crystals led to the disintegration of the crystals. The structure of Figure 4 . (a) Comparison of the overall structures. The structures of aL2 w.t forms 1 (magenta) and 2 (pink) and the two mutants aL2-6 E 7 S 10 G (white) and aL2-6 E 7 P 10 G (cyan, liganded structure; blue, unliganded structure) were superimposed by a least-squares ®t of the C a atoms of the residues forming the inner beta sheet (dimer interface) of the aL2 scFv (residues L41-L47, L51-L57, L102-L108, L138-L144, H41-H47, H51-H57, H102-H108 and H138-H144, corresponding to Kabat L33-L39, L43-L49, L84-L90, L97-L103, H35a-H40, H44-H50, H88-H94, H102-H108). (b) Close-up view of the residues contributing to the binding pocket. Hydrogen bonds between hapten and scFv are indicated by broken lines (main-chain NH of Trp H109 to O3 of ampicillin, 2.7 A Ê ; side-chain amide NH 2 of Asn H42 to O4 of ampicillin, 2.8 A Ê ). The distance from the amino group of Amp (N2) to the side-chain amide group of Gln L107 is too large for a hydrogen bond (3.7 A Ê and 3.8 A Ê ), and the carboxylate group (O1 and O2) is exposed to the solvent. the unliganded scFv showed a deep, solvent-®lled binding pocket ( Figure 5(a) ). In one of the crystal forms, the bottom of this binding pocket was occupied by a molecule of MPD, in the other form, obtained in the absence of MPD, the solvent in the pocket was disordered. The tryptophan residue H109 (H95) in the extremely short CDR H3 loop of aL2 obstructed the access to the binding pocket in one of the crystal forms, while in the other crystal form, it swung into a different conformation, leaving the access to the binding pocket open. Since all our efforts to obtain crystals of the aL2-ampicillin complex had failed, we attempted to clarify the binding mode of ampicillin by a detailed epitopemapping scheme utilizing a wide variety of related compounds ( Figure 6(b) ).
Fortuitously, in the course of a different project 39 aimed at elucidating the effects of point mutations on framework 1 conformation, a mutant was obtained that crystallized in a different form. In the mutant aL2-6 E 7 P 10 G , Gln H6 had been replaced by Glu, H7 retained as Pro (this residue is Ser in 55 % of the original clones) and Ala H10 (H9) changed to Gly. This variant formed crystals in which the antigen combining site was not obstructed by crystal contacts. Ampicillin could be soaked into these crystals, and the structure of the complex could be determined. There was almost no change in the conformation of the binding pocket compared to the w.t. form, such that the complex structure could be used to interpret the binding data obtained with the w.t. aL2. The aL2 scFv contains seven tryptophan residues. Two of these occupy highly conserved and fully buried positions (L43 (L35), H43 (H36)) in the core of the V L and V H domains, the other ®ve contribute to the antigen-binding pocket. The¯uor-escence of the two buried Trp residues is highly quenched in the native structure of the scFv, leading to an increase of Trp¯uorescence upon denaturation. Trp H54 (H47) and Trp H139 (H103) form the bottom of the binding pocket and contribute strongly to the V H /V L dimer interface, while Trp L58 (L50), Trp H40 (H33) and Trp H109 (H95) contribute to the rim of the binding pocket ( Figure 6(a) ). Thus, aL2 shows a strong tryptophan uorescence, which is extremely sensitive to perturbation by antigen-binding. Saturating concentrations of ampicillin quenched the¯uorescence intensity to 50 % of the value measured in the absence of ampicillin. Addition of minute amounts of b-lactamase completely abolished this quenching, as ampicillin was converted to the non-interacting hydrolyzed form (Figure 2(b) ). This uorescence titration allowed the direct determination of the binding constants for a wide variety of ampicillin analogs (Figure 6(b) ). To verify that ampicillin fragments and analogs that did not perturb the¯uorescence were indeed unable to bind, and not just unable to quench, their ability to inhibit the quenching by ampicillin competitively was determined.
Despite our efforts to bias the immunization by using different linkers to the carrier protein and to select for antibodies that predominantly recognize the penicillanic acid moiety of ampicillin, the phenyl ring of the D-phenyl glycine moiety of ampicillin (indicated in green in Figure 6 (a) and (b)) is deeply embedded in the binding pocket, close to the pseudo 2-fold axis of the protein relating V L and V H . It is in a position similar to that of the MPD molecule in one of the unliganded structures. Its main contact residues (Trp H139 (H103), Ala H107 (H93) and Gln L107 (L89)) are highly conserved residues of the V L /V H dimer interface. The phenyl ring of ampicillin reaches down into the binding pocket as deeply as the nitro group of the para-nitrophenol hapten in the structure of the catalytic antibody CNJ206 40 (PDB entry 1KNO, Figure 5(a) ). This conserved phenyl and nitrophenyl binding pocket is utilized by several different hapten-binding antibodies contained in the PDB, indicating a preferred binding mode for haptens Anti-ampicillin Antibodies containing such groups (PDB entries 1AOQ, 1AJ7, 1AXS, 1D6V, 17E8, 1KEL, 1KNO, 1YEC and related antibodies).
We did not exactly obtain the desired binding mode in which the phenylglycine moiety and the linker are exposed and the penicillanic acid moiety is placed in the depth of the pocket. An antibody was generated where the amino group of the D-phenylglycine moiety (N2, indicated in blue in Figure 6 ), to which the linker was attached in the immunogen, is embedded fairly deeply in the pocket. However, a solvent channel to the surface remains open, which in the antibody accommodated the linker of the hapten to the carrier protein. Since we were selecting for antibodies that did not have af®nity for a particular linker, and that allowed free ampicillin to displace them from the immobilized hapten, this channel does not provide optimal binding contacts to any one of the linkers used. It can be expanded further to accommodate bulkier substituents, such as the aromatic ring in benzoylampicillin, if the¯exible side-chain of Trp H109 (H95) swings from the conformation seen in the liganded structure to the even more open one seen in one of the unliganded structures. The bulky groups linked as amide groups (such as in azlocillin and benzoylampicillin) to the amino nitrogen atom of ampicillin therefore reduce the binding af®nity by a factor of only 10. The Gln L107 (L89) side-chain amide group is located close to the free amino group (N2) of ampicillin, which is an amide nitrogen atom in the immunogen. Deletion of this amino group (in penicillin G) leads to a 24-fold reduction of the af®nity, replacement by a carboxylate group (in carbenicillin) to an almost 500-fold reduction. A mutant in which Gln L107 (H89) has been replaced by glutamate showed similar binding to ampicillin as the w.t.. However, this was determined only semi-quantitatively by phage ELISA (data not shown).
The addition of a hydroxyl group in the para position at the phenyl residue of ampicillin, such as in amoxicillin (Figure 6(b) ), results in reducing the binding af®nity by three orders of magnitude, and an oxygen atom inserted between the C a of the D-phenyl glycine moiety and the phenyl ring in penicillin V reduced the af®nity by two orders of magnitude. This shows that the size of the pocket receiving the phenyl ring is limited, and that the spacing to the penam ring cannot be increased. Indeed, if the penam moiety were assumed to bind in an unchanged manner, the OH group of amoxicillin and the phenyl group of penicillin V would clash with the side-chain of Trp H139 (H103). Thus, aL2 discriminates against different acyl groups on the 6-APA backbone more than typical b-lactamases, which accept a wider variety of sidechains. The deviation from planarity in the nonaromatic ring of epicillin in¯uences the af®nity by a factor of only 3, compared to ampicillin.
The amide carbonyl group of the phenylglycine moiety (O3) accepts a hydrogen bond from the Asn H42 (H35) side-chain, while the carbonyl group of the b-lactam ring (O4) is located between Asn H42 (H35) and Asn H57 (H50), able to accept a hydrogen bond from either of them. However, Asn H42 (H35) can donate a hydrogen bond to either O3 or O4, not to both of them, depending on the conformation of this side-chain. A mutant in which Asn H57 has been replaced by Asp showed severely reduced binding, as determined by phage ELISA (data not shown). This is probably due to the loss of the hydrogen bond to O4, to unfavorable electrostatic interactions, as Asn H57 is located fairly close to the carboxylate group (O1, O2) of the aminopenicillanic acid moiety of the hapten.
At the concentrations used in the epitope mapping experiments, phenylglycine does not quench the aL2 Trp¯uorescence to a measurable degree. Phenylglycine amide inhibits quenching by ampicillin to some extent, but with a complex concentration-dependence that has not been evaluated in a quantitative manner. It is possible that more than one molecule of phenylglycine can bind to the antibody.
Although 6-APA is unable to displace ampicillin at the concentrations tested, its atoms contribute signi®cantly to the binding of ampicillin, as seen in the structure of the complex. Cephalexin, in which the ®ve-membered thiazolidin ring of the penicillanic acid moiety has been replaced by a sixmembered ring, is not recognized by aL2, nor is hydrolyzed ampicillin, in which the b-lactam ring has been opened ( Figure 6(b) ). In both cases, the overall conformation of the heterocyclic ring system is changed, therefore the loss of binding cannot be traced to any individual interaction.
The carboxylate group of the ampicillin (O1,O2) is quite exposed and not involved in tight interactions. Ampicillin derivatives substituted on this group have not been tested. It might be interesting to couple ampicillin to a linker through this group. aL2 could then be mutagenized and panned to select for molecules in which the solvent channel that accommodated the original linker to N2 has been ®lled up, yielding additional interactions and higher af®nities.
The binding af®nity of ampicillin to aL2 is relatively modest, with a K D of 1.5 mM. The phage panning experiments from the same libraries using unspeci®c elution indicate that higher-af®nity antibodies may simply not have been present in the library. Recent experiments with in-vitro af®nity maturation of antibodies show that the competitive elution with excess hapten under the conditions utilized will not favor high-af®nity af®nity antibodies, 41 and in a directed evolution experiment for higher af®nity, the elution strategy would have to be changed.
In conclusion, an antibody against an unstable antigen has been obtained and structurally characterized. It recognizes the desired part of the molecule. Nevertheless, this antibody, combined with knowledge of the structure of the complex, provides a promising model system for directed evolution experiments. We do believe that this antibody could provide a valuable fast assay for antibiotics.
Materials and Methods
Immunization and scFv library construction
For the preparation of the immunogen, 20 mg of BSA was dissolved in 2 ml of 8 M urea, 0.2 M Tris-HCl (pH 8.6). After addition of 4 mg of DTT and one hour incubation at 30 C, the reduced protein was precipitated in the presence of 10 % (w/v) TCA. After centrifugation, the pellet was washed four times with water and ®nally dissolved in 8 M urea, 50 mM sodium phosphate (pH 7.0). In parallel, 1 ml of 25 mM ampicillin, dissolved in 50 mM sodium phosphate (pH 7), was added to 0.5 ml of a mixture of 5 mM EMCS (Fluka), 2.5 mM GMBS (Fluka) and 2.5 mM MPS (Fluka), each dissolved in tetrahydofuran (THF). After 30 minutes of incubation at 30 C, this mixture was added to the reduced protein and after a reaction time of two hours at room temperature, the ampicillin-BSA conjugate was dialyzed for 2.5 hours at 4 C against 5 l of PBS (20 mM sodium phosphate, 150 mM NaCl, pH 7.2).
The initial immunization of four BALB/c mice was performed by subcutaneous priming with 800 mg of AdjuPrime (Pierce) and 100 mg of ampicillin-BSA conjugate. After 16 days, 10 mg (mouse 1 and 2) or 50 mg (mouse 3 and 4) of the ampicillin-BSA conjugate was injected directly into the spleen. 27 For mouse 2, the intrasplenic injection was repeated with 30 mg of ampicillin-BSA conjugate after 37 days. Mouse 4 obtained a booster injection (250 mg) into the tail vein after 50 days. The immune response was controlled by ELISA with a transferrin-EMCS-ampicillin surface and serum (1:500 dilution).
After 43 days (mouse 2) or 54 days (mouse 4), respectively, the spleen was pressed through a sieve and suspended in 10 ml of EBSS buffer (0.4 g/l KCl, 6.8 g/l NaCl, 2.2 g/l NaHCO 3 , 0.158 g/l NaH 2 PO 4 ÁH 2 O, 1 g/l D-glucose) (Gibco). Connective tissue was separated by centrifugation (15 seconds at 200 g) and the supernatant was transferred into a fresh tube and centrifuged for seven minutes at 250 g. The cells were resuspended for mRNA preparation in 2 ml of extraction buffer (Pharma-cia QuickPrep mRNA Puri®cation Kit). For construction of an scFv antibody library, the reverse transcribed mRNA was PCR ampli®ed by using speci®c primers, designed to represent the murine immune response within the phage display vector pAK100. 25 
Phage panning
For selection of antigen-binding phages, immunotubes (Nunc, Maxisorp) were coated overnight at 4 C with 4 ml of transferrin-EMCS-ampicillin (100 mg/ml) in a 1:1 mixture of PBS and urea-sodium phosphate (8 M urea, 50 mM sodium phosphate, pH 7.0). After blocking with 4 % (w/v) dried skimmed milk powder in PBS for two hours at room temperature, 10 11 phage particles in 4 ml of PBS containing 2 % milk were added and incubated for two hours with rocking at room temperature. Tubes were then washed 15 times with PBS/0.1 % (v/v) Tween and 15 times with PBS. Bound phages were eluted by incubation for ten minutes with either 800 ml of 0.1 M glycine/HCl (pH 2.2) or 1 ml of soluble antigen (1 mM ampicillin, 1 mM 6-APA or 1 mM hydrolyzed ampicillin). Hydrolyzed ampicillin was prepared freshly by incubation of 1 ml of 10 mM ampicillin with two units of RTEM b-lactamase. Reinfection of E. coli XL1-Blue cells, phage propagation and binding analysis by phage ELISA were performed as described. 25 
Purification of aL2
For soluble expression, the scFv-aL2 was cloned into pAK300. 25 HCDC cultivation with glucose feeding under limited growth conditions was performed at 26 C by using E. coli RV308. 24 The cells were harvested by centrifugation after four hours induction with 1 mM IPTG (®nal A 550 nm 46). Cells were resuspended in BBS/1 M NaCl (pH 7.5) and disrupted twice in a French press. For puri®cation, an af®nity column was used for which 10 mM ampicillin was coupled to Af®-Gel 10 (Biorad). After loading, washing steps with BBS/1 M NaCl (pH 7.5), BBS/150 mM NaCl (pH 7.5) and 10 mM Hepes (pH 7.0) were performed. It was essential to carry out the washing step with 10 mM Hepes (pH 7.0), by which the contaminating chloramphenicol acetyltransferase (CAT), which fortuitously also binds to the af®nity column, can be eluted selectively. After an additional high-salt washing step with BBS/1 M NaCl (pH 7.5) the antibody fragment was eluted with 5 mM ampicillin in the same buffer. Three dialysis steps were performed against 10 mM Tris/HCl (pH 7.0), 10 mM NaCl, 0.002 % (w/v) NaN 3 .
Determination of the Hapten-binding constants
Fluorescence emission spectra of 10 À7 M scFv aL2 and antigen (freshly prepared solutions of ampicillin, amoxicillin, 6-APA, azlocillin, benzoylampicillin, cephalexin, carbenicillin, D-phenylglycine, epicillin, hydrolyzed ampicillin, penicillin G and penicillin V) were measured at 20 C in HBS buffer (10 mM Hepes (pH 7.4), 150 mM NaCl, 3.4 mM EDTA, 0.005 % (v/v) surfactant P-20) (Pharmacia Biosensor) with a Shimadzu spectro¯uori-meter (RF-5000) using an excitation wavelength of 280 nm. For the K D determination, the emission was monitored at 342 nm and evaluated according to Scatchard. 42 Crystallization and structure determination of w.t. aL2 and mutant 6 E 7 P 10 G Crystallization experiments used the hanging drop technique with local and commercially available sparsematrix, 43 as well as with an antibody screen designed by Stura et al. 44 The Fv aL2-wt crystallized at 20 C in two crystal forms (Table 1) . Crystals of form 1 were obtained from a 16 mg/ml protein solution using 1.75 M ammonium sulfate, 50 mM phosphate buffer (pH 6.5) and 5 % (v/v) MPD as precipitant. Crystal growth took about two months and crystals belong to the space group P4 1 2 1 2; they diffract to 2.44 A Ê resolution. The same protein solution was used to grow crystals form 2, using 1.75 M ammonium sulfate, 0.05 M phosphate (pH 5.5) and 5 % (v/v) isopropanol. Crystals grew in about three days, diffract up to 3.0 A Ê and belong to the orthorhombic space group C222 1 .
Crystals of unliganded mutant Fv aL2-6 E 7 P 10 G appeared in one week, starting from a protein solution at 3 mg/ml and using a well solution of 26 % (w/v) polyethylene glycol 2000 monomethyl-ether, 200 mM ammonium sulfate and 100 mM sodium acetate (pH 5.0). Crystals of the mutant complexed with the hapten were obtained by repetitive incubation of the unliganded mutant crystals into a fresh preparation of the mother liquor containing 33 mM ampicillin. Crystallographic parameters are summarized in Table 2 .
Data sets were collected using a Mar-300 imaging plate detector system mounted on a Rigaku RU 200 rotating anode, operating at 40 kV and 80 mA with a graphite monochromated CuKa radiation. Data were collected at room temperature and up to 3.0 A Ê for crystal form 1 and up to 2.44 A Ê for crystals form 2 of the Fv aL2-wt. Data of the mutant Fv aL2-6 E 7 P 10 G were colleted using cryo-protected crystals (14 % (v/v) glycerol). The data were indexed and intergrated using DENZO, 45 and scaled and merged using SCALEPACK and CCP4 46 for the w.t. and the mutant, respectively ( Table 2) .
The structure of crystal form 2 was determined by molecular replacement. Searches were run using the program AMoRe. 47 The starting model of the V L domain was from the structure of the anti-N9-neuraminidase antibody NC41, 32 with which it shares 84.3 % of sequence identity. The V H domain of aL2 was modeled using the V L of the anti-lysozyme antibody D11.15 33 as a template with 89.7 % sequence identity with the aL2 V H sequence. The rotation and translation functions were calculated over a resolution range of 8-3.5 A Ê with a Patterson integration radius of 20 A Ê . The molecular replacement solution, which included two protein molecules per asymmetric unit, gave a correlation coef®cient of 38.5 % and an R-factor of 41.6 %. This structure was re®ned with the simulated annealing and conjugate-gradient X-PLOR version 3.1 48 strictly restraining the noncrystallographic symmetry all along the re®nement. After each re®nement cycle, a new map was calculated and the model rebuilt using the molecular modeling program TURBO-FRODO. 49 The model obtained from the re®nement of crystal form 2 was correctly placed in the cell of the crystal form 1 (one molecule per asymmetric unit), running again the program AMoRe under the same conditions. The resulting correlation coef®cient was 79 % and the R-factor was 26.6 %. The structure of crystal form 1 was re®ned with X-PLOR following the same protocol used for crystal form 2. The R free using 5 % of the data was monitored throughout the re®nement. Final re®nement data are summarized in Table 2 .
The Fv-aL2-6 E 7 P 10 G mutant structure was determined using the program AMoRE, with the 2.44 A Ê native structure as the search model. The initial rigid-body solution gave a correlation cof®cient of 47 % and an R-factor of 45 %. The structure was re®ned over successive rounds using the program CNS version 0.5, 48 with re-building using the program TURBO-FRODO. The N terminus of the heavy chain, residues H1-H10, was built into omit maps. The electron density was of excellent quality for residues L1 to L146 (L105) of the light chain and H1 to H147 (H111) of the heavy chain present in the model. Two sulfate anions, the ampicillin moiety and 298 water molecules were added to the model. The ®nal model was re®ned to an R-factor of 23 % and an R free of 28 % ( Table 2 ). All residues, but two (Ala L67 (L51) from each monomer), are located in the most favored and additional allowed regions of the Ramachandran plot. 31 Ala L67 (L51) forms part of a classic g-turn, which explains the unfavourable phi-psi values. The overall B-value is 22.3 A Ê 2 (20.9 A Ê 2 and 23.8 A Ê 2 for main-chain and side-chain protein atoms, repectively); no water molecule has a B-value greater than 50 A Ê 2 . Clear electron density, consistent with the chemical structure of ampicillin, was observed in the binding site of one of the two Fv in the asymmetric unit. Table 3 . The scFv surfaces buried by ampicillin and the shortest contacts observed (the ampicillin atom involved in the contact is given in parentheses; see Figure 6 ) and of the hydrogen bonds between ampicillin and the scFv . An asymmetric unit contains one scFv, according to a solvent content of 47 % (v/v). 29 They diffract at 1.8 A Ê resolution. 39 
Residue numbering
Residues are numbered according to the uni®ed numbering scheme introduced in the accompanying manuscript 1 . In contrast to the Kabat numbering scheme, this numbering scheme gives the same residue number, distinguished by the chain label, to structurally equivalent residues in V L and V H domains.
Protein Data Bank accession numbers
The aL2 scFv structures have been deposited in the RCSB Protein Data Bank (http://www.rcsb.org/), entries 1I3G (aL2 w.t. form 1), 1H8N (aL2-6 E 7 S 10 G ), 1H8O (aL2-6 E 7 P 10 G unliganded) and 1H8S (aL2-6 E 7 P 10 Gampicillin complex).
